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OVERALL PLPA PROGRAM SCHEDULE
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PRIMARY LOOP PUMP ASSEMBLY (PLPA) SPECIFICATIONS

PRIMARY NaK FLOW RATE, LB/HR
LIFE, YEARS

HEAD RISE, PSI
' PLPA INPUT POWER, KWE MAX
INLET PRESSURE, PSIA |

PRIMARY NaK TEMP,, °F

COOLANT NaK INLET TEMP. , °F
COOLANT NaK FLOW RATE, LB/SEC*
COOLANT NaK PRESSURE DROP, PSI"
INPUT VOLTAGE

SIZE, INCHES

ENVIRONMENTAL SPEC,

STARTUP/SHUTDOWNS
RADIATION ENVIRONMENT

CONTINUOUS | SHORT TERM
RATED OFF -DESIGN | OFF-DESICN
OPERATION | OPERATION OPERATION
72, 000 +20% Rated 10 to 120% Rated-50 Hrs.
5
S
7.6
sk
20 5 to 30 125 psi/minutes
1100 1100 to 1150 | 50 to 1100°F in 4 Hrs,
1250°F - 100 Hrs,
450 400 to 500 450°F NaK for Sta.rtup
1.11
<2
TBD +10% Rated |5 to 110% Rated - 50 Hrs.
16H. < L <W
Mod,
SNAP 8 EGS
Spec., 417-2
Rev, C,
6-1-69
100

8x10% Rad Gamjna
8x1017 Nyt Fast Neutrons -

* FOR ONE OF TWO REDUNDANT CIRCUITS

** EMERGENCY - BRAYTON GAS LEAK

_'14-



SNAP 8 EGS ENVIRONMENTAL SPECIFICATION
NO. 417-2, REVISION C, 6/1/69

LAUNCH SHOCK AND VIBRATION IN COMBINATION (PLPA NOT OPERATING)

SHOCK:
SINUSOIDAL, VIBRATION:

"RANDOM VIBRATION:

ACOUSTIC NOISE:

ACCELERATION:

PLANE

Three 15g SHOCKS EACH DIRECTION
3L AXIS (18 TOTAL)

0. 25g's, 4 to 35 Hz

, 3 MIN,L TO MOUNT

20-100 Hz AT 3dB/OCT INCREASE
100-600 Hz AT 0, 4g%/CPS 3 MIN, 3.0 AXIS
600-2000 Hz AT 6dB/OCT INCREASE

INTEGRATED LEVEL OF 142 dB, Re 0. 0002
MICR OBAR FOR 3 MIN . (SPECIAL DISTRIBUTION)

+5g's, 3 MIN,uds TO MOUNT PLANE |
% 1.25g's, 2 MIN, 2 J. AXIS WITHIN MOUNT PLANE

-15-



APPLICATION OF BOILER CODE TO ANALY SIS

. PRIMARY COOLANT PRESSURE BOUNDRY (1150°F)
"INTENT" (i.e, NO CODE STAMP} OF SECTION III CLA.SS , CODE

' CASE 1331-5
. < - ) <
PRIMARY STRESS: P_ < Smt’(PL + Pb)__ L5S_&kS,
WHERE: k= 1,25 - 0, 25 [PL]
t
SECONDARY STRESS (THERMAL STEADY STATE & TRANSIENT)

1. DESIGN FCR ELASTIC (STRAIN < 1% AVG, <2% SURFACE,

< 5% DISCONTINUITIES); [ Lt Py +0Q £ sq_=-sy AVG

'k—] MAX
2. DESIGN FOR INELASTIC ANALYSIS (TOTAL DAMAGE FACTOR)
FATIGUE

® GAS CONTAINMENT (600 to 900°F)

"INTENT'" OF SECTION III, CLASS 2, BY REFERENCE TO SECTION VIII-
DIV, 2, USE LOW TEMP RULES OR NEW CODE CASE FOR ELEVATED TEMP.

PRIMARY STRESS: P <8 s (P, + P \<1.585
m m L b m
R ) . N < :
SECONDARY STRESS: (PL + Pb +0Q) £3 Sm

FATIGUE
Sm AT TEMP > 800°F FROM SECTION VIII, DIV, l‘.Sm ~ 2/3 LOWEST YIELD STRENGTH

~16-



ALLOWABLE STRESS INTENSITY
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" PLPA SPECIFIED MATERIALS

PRIMARY NaK PIPING AND DUCTS
o MAGN’ETIC-MATER'IAL
coNpucTORS”
| CON’DUCTOk INSULATION (END‘ TURNS)
SLOT INSULATION
INTER LAMINAR INSULATION |

STATOR GAS ¥

- 316 SS -

HIPERCO 27
COPPER OR COPPER ALLOY
"S" 994 GLASS TAPE

PLASMA SPRAYED A.lz 03

' ARGON OR HELIUM/XENON

<5 PPM O2 AND Hzo

* JOINTS TO BE WELDED PER SPEC, AGC No. 10331B

% APPROXIMATELY 1 ATM AT RATED CONDITIONS

-18-
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OC CONDUCTION PUMP EQUIVALENT CIRCUIT E : )

2 2 2 2
= - BI - . - - -
| Ppsi Kl Ml M2 B Q M3 B Q M4 Q M5 B Q 7
 (Preasure (BackEMF)} (Eddy . (Hydraulic (Inactive Pump
Rise) , , Current) loss) Braking)’
' R R
- RCu . wl 3
T VYVWMA T YWA—AN c
- C
, E.. Rw
L R
EW d =
. 1 N
3 )
I
—_—
b4 v
‘Pump Throat Magnetic Flux, Gauss. Rw = Perpendicular (to current) Throat Wall
Ptmp Current, Amps | | Resistance, ohms
... ‘ R = Bypass Leakage Current Resistance {(out-
NzX Flow, 1I .
Flow, 1b/sec L side Active Throat), ohms
vV Applied to Bus, '
oltage Applied to Bus, mV RW = Parallel (to current) Throat Wall Resistance, chms
3us Resistance, chms . A
- ‘RS = Splitter Plate Resistance, ohms
= Volt D f Th N )
ottage Lrop © r?at my Ry = NaK (in throat) Resistance, ohms
A t Reaction Factor
Fmature Reaction E; = Induced Back EMF, mV
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DC CONDUCTION PLPA DESIGN CONSIDFRATIONS |

TEMPERATURE

T00°F

CONSTANTS VARIABLES

FLOW © 20 1b/sec THROAT LENGTH

PRESSURE 7 psi THROAT WIDTH

THROAT WALL THICK, 0.030 in. THROAT HEIGHT

- INSULATION THICK. 0.030 in. NUMBER OF SPLITTERS,

COOLANT NaK 78 2 or 3 PUMPS '

MATERIALS COMPENSATED OR UNCOMPENSATED
PERM MAGNET Alnico V-7 |
YOKE & POLE PIEC Hiperco 27 VOLTAGE
BUS ‘ Copper CURRENT
THROAT SS316 POWER

MAGNET
FLUX DENSITY. 11250 Gauss | D FICIENGY
FIELD INTENSITY 645 Oersteds | WEIGHT

THROAT MAG FLUX DENSITY
PLPA CONFIGURATION

MAGNET
\ POLE |
L
N ' A
2
Cu H § Cu
BUS e Wyl BUS {
MAGNET \T
POLE HRO.
L - Length '
H - Height

W - Width

Compensated and Uncompensated DC Conduction Type Pumps
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Efficiency - %

Efficiency and Pump Weight vs. Throat Area
{DC Conduction 3-Pump PLPA)

W = 2H, Compensated .
W = H, Uncompensated

5 inch Throat Length

3.2_ 3.6 4.0_ . 4.4
Throat Afea - In. 2

w1200
d 1100
! . T 1000
20" .
187 4 900
U b. - Efficiency :

Lo . Uncomp. 1 800

gt -,

14+ ' - welgh : + 700

Uncof“?' v ..
12 . Comp- < Efficiency + 600
B ——

10 4 L 500
& -» o 400
6 - L 300
_4 -l - - 200 .

2 1. 100

$ } - % +

*8qT - yIoMm
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Efficiency - %

16

Efficiency and Pump Weight vs. Throat Aspect Ratio

(Uncompensated DC Conduction 3-Pump PLPA)
' (Throat Length = 5 In) ' '

- 1000
&‘fi
20 - 44 in. 2 -l 900
3.6 in. 2 .
18 2.9 in. 2
- 800
14
12 - =1 700
10
8 ~1 600
6
W
4 =~ 500
w ‘ H
1 L I b 1 4 L
0.4

20 1.8 16 1.4 1.2 1.0 0.8 0.6

Throat Ratio: Width/Height

Weight - Lbs,
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Efficiency - %

20

18

16

14

12

10

Efficiency and Pump Weight vs. Throat Length
(Uncomyensated DC Conduction Pump PLPA)

Throat Width = Height = 1.9 in,

-1000

900

800

700

600

500

400

300

200

100

Throat Length - In.

Weight - lbs.
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TRIPLE DC PUMP PLPA - UNCOMPENSATED

' (PERMANENT MAGNET)

FLOW (15/sec)
PRESSURE (psi)
POWER. (kw)
VOLTAGE (volts)
*CURRENT (amperes)‘
EFFICIENCY (percent)
FLUX DENSITY

Gauss
Lines/in.

%SIZE
Length (in. )
Width (in. )
Height (in.)

THROAT DIMENSIONS

Length (in. )
Width (in. ) -
Height {in. )
*BUS DIMENSIONS
Length (it}. )
Area {in, ©)

WEIGHT (lb) (PLPA Total)

*Per Pump

" 3 PUMP

20

3.8
- 0.179
10,530

16. 1

3, 242
20,916

7.0
13,5
11.5

s g 1
L ] -
OO O

20
9.5

756



Power - Watts

Head Rise, Power, and Efficiency vs. NaK Flow Rate
{Uncompensated DC Conduction 3-Pump PLPA)

2 4 6 8 10 12 14 16 18 200 22 24

Flow - lb/sec
. -26-
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DC CONDUCTION VS AC INDUCTION PUMP COMPARI SON

DC PUMPS

AC PUMPS

Brayton Power Source

AC to DC Conversion Effic;iency ~ 25%
Pump Efficiency ~ 16% x . 25 = 4%

High B'us Losses _ |

Ele;:tronics Must Be Radiation Hardened

Rapid Drop of Efficiency with Low Flow-Low
Voltage

Thermoelectric Module Power Source

Requires 35 to 40 Modules in Gallery

Manifolding and Pressure Drop Problems with
" NaK Lines

Boot Strap Startup and Shutdown

-27-

Brayton Power Source

Power Conditioning Efficiency ~ 85%
. Pump Efficiency ~ 8,7% x .85 = 7.4%

Flow Variable with Voltage for Controlled
Brayton Start

o



ESTIMATED WINDING RELIABILITIES

CURRENT DENSITY FACTOR, F_ = 1-2, 7%1077 12 (1+ 1077 1%) - 106]

WHERE: F_APPROACHES 1.0AT 1000 AMPS/IN?
' 0.0 AT 7500 AMPS/IN*

PEAK COIL TEMP, FACTOR, F, = 1-(T-600)
' 1 11x10

WHERE: FT APPROACHES 1,0 AT 600°F

0.0 AT 1650°F

SPLICE FACTOR, ]‘.""'3 = NO, OF SPLICES x HOURS x 1(')'9 F/HR

. _‘FABRICATION FACTOR, FF = ,996 FOR HELICAL AND ., 998 FOR LINEAR

xF xF
8

WINDING RELIABILITY = Fc x FT

¥

-28-



WELD RELIABILITY ESTIMATES - NaK & GAS CONTAINMENTS

ACTUAL WELD LENGTH OF PARTICULAR ARFEA

WELDING METHOD FACTOR, 1.1 TO 1.3 DEPENDING ON MACHINE

Y¥S MANUAL, ETC,

STRESS LOADING FACTOR, 1.0 TO 1.3 DEPENDING ON PRIMAR Y
VS SECONDARY LOADS B -

INSPECTION FACTOR, 1,0 TO L, §

GEOMETRY FACTOR, 1.0 TO 1. 3 DEPENDING ON DISCONTINUITY,
THICKNESS, ETC, : '

WELD FAILURE RATE FACTOR, 1x 10"!% FAILUR ES/HOUR /INCH.
OF WELD '

WELD JOINT RELIABILITY=AxBxCxDxEx F.

.29-



HELICAL INDUCTION PUMP

ELECTROMAGNETIC/HYDRAULIC DESIGN

 THERMAL ANALYSIS

STRESS ANALYSIS

LAYOUT DESIGN

-31-



HELICAL PUMP
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WHERE:

‘m_

~ W M W N W N

AC INDUCTION PUMP EQUIVALENT CIRCUIT

, 2 |
. R -
pst = 231 RM:S) (pER PHASE)
X, . R | X,
APPLIED X

— e

N N | "

STATOR REACTANCE (INCLUDING SI.OT AND END TURN REACTANCE).
STATOR RESISTANCE
MAGNETIZING REACTANCE

LOSS RESISTANCE (CORE, CAN, AND DUCT LOSS)

- FLUID REACTANCE (INCLUDES INNER DUCT REACTANCE)

FLUID RESISTANCE

SLIP
CURRENT IN FLUID

-33-
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'AC HELICAL INDUCTION PUMP DESIGN ASSUMPTIONS.

CALCULATION VARIABLES

STATOR ID
CORE LENGTH
MAGNETIC GAP
FIUID THICKNESS
HELIX TURNS. .
NUMBER SLOTS
SLOT WIDTH
SLOT DEPTH

| TYPE OF SLOT

—Al ET6 CONDUCTOR AREA

TURNS /COIL
COIL THROW
VOLTAGCE

THERMAL

INSULATION

D
CL
Gl
T
T2
Sl
Wl
W2
W3
Al
T6
7
Vi
Fl

ORIGINAL CALCULATION CONSTANTS

SS304-CAN THK E.ozs)
8009F-CAN RES (40.9x10-6)
5S316-OUTER DUCT THK (0.030)
11309F-OUTER IUCT RES(45x10-6)

. 55316-INNER DUCT THK (. 035 £

11309F~-INNER DUCT RES (1+5xlt)>
$5316-SPLITTER THK {0.060™)
1130°F-SPLITTER RES (45x10-0)
CONDUCTOR RES (2, 12x10°6)
FLUID (NaK)

FIUID TEMP. (1130°F)

INSULATICON

THERMAL .030-.035
ELECTRICAL .O45 ALIMINA

S TL

R1

72



ELECTRO MAGNEHCIHYDRAULIC CALCULATION CODE

INPUT DATA
-AND OUTPUT FLOW

LOGIC 1ST CODE

& HEAD
IC s

E/M CALCULATIONS
INCLUDING EQUIVALENT
CIRCUIT PARAMETERS

TYDRAULIC LOSS AND
FLOW AT RATED SLIP

CHECK TO SEE IF OUTPUT)]
FLOW IS OB TAINED

Yes

No

J MODIF Y >
FREQUENCY | g B

CALCULATE EQUIVALENT
CIRCUIT, GROSS PRESSURE,

& NET PRESSURE AT RATED SLIP

N

PRESSURE IS OBTAINED

CHECK TO SEE IF RATED OQUTPU

T MODIFY ' -

. Yes

SYN FLOW VELOCITY
SYN FLOW GPM

PRINT OUT HYDRAULICS

¥

CALCULATE PERFORMANCE
FOR VARIQUS SLIPS

PRINT OUT PERFORMANCE
FOR VARIOUS SLIPS

SYN FLOW LBS/SEC

NaK DENSITY |
VISCOSITY, REYNOLDS NO,
HARTMAN NO., HYD DROP

SLIP POWER INPUT -

GPM FLOW POWER FACTOR
GROSS PRESSURE EFFICIENCY
NET PRESSURE CURRENT DENSITY

FLUX REDUCTION PHASE CURRENT
-35-




ELECTROMAGNETIC/HYDRAULIC CALCULATION CODE LOGIC 2ND CODE

INPUT DATA AS

SHQWN FIG, 2 | - | ' :
"NET IRON FLUX IN GAP

INCLUDING EQUIVALENT o CAN LOSS _ . OUTER DUCT LOSS
CIRCUIT PARAMETERS , ,
‘ : , _ INNER DUCT LOSS - STATOR RESISTANCE :
| | FLUID RESISTANCE STATOR SLOT REACTANCE
JHYDRAULIC CALCULATIONS FLUID REACTANCE  END REACTANCES
IFLOW & LOSSES WEIGHT OF IRON 1L.OSS IN IRON
= MMF IN-POLE MA GNETING CURR ENT
STATOR SIZES STATOR OD
IPRINT OUT /M LEQUIVALENT CIRCUIT PARAMETERS
[WELIX ANGLE FLUID PATH LENGTH
FLUID AREA HYD RADIUS
SYS FLOW VEL SYS FLOW GPM
SYs FLOW LB, /SEC NaK DENSITY
VISCOSITY REYNOLDS NO,

ALCULATE PERFORMANCE .
EOR VARIOUS SLIPS ..%RTMAN 1_‘10. | HYD .DROP

IPRINT OUT PERFORMANCE
FOR. VARIOUS SLIPS

| %3 —GPMm 1

GR OSS PRESSURE NET PRESSURE
FLUX REDUCTION POWER INPUT
POWER FACTOR EFFICIENC Y

CURRENT DENSITY PHASE CURRENT

~-36-



-lg-

EXPANDED DESIGN MATRIX FOR AC HELICAL PLPA -

TWO- AND THREE-PUMP PLPA'S

D
5.0 5.1 5.2 5,3 5.4 5.5 5.9
L
G= .70 T840 | G=. 840 | G=.840 [G=_.840
7 G= .840 | G=. 940
= .940
G=1. 00
G=. 940
7. 25
G=. 940
7.5
G=. 940
7.75
G=. 940 | G=.940 | G=.940 G=.940 |G=.940
8 : G=. 840
G=. 750
G=. 940
9 .
G=. 940 =.840 | G=,840 |[G=.640 =. 840
10 G=. 740 G=, 740 G=, 740
G=.940 | G=.940 |G=, 840
, . G=.800 |G=.940
 [G=1.040
G=. 940
13
G=, 940

i?
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Kw Input/PLPA

POWER INPUT ¥S CORE LENGTH FOR AC HELICAL
INDUCTION2-PUMP PLPA. .

72,000 Ibs/hr 7 psi  .940" Gap 5.1 diameter -

9.8 OD

8.6 m

8.2

7.8 =

7. 4m=

I\ ‘ i 1

7 9 11 13 15

Core Leﬁgth, in.

17
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KW Inpui/T’1L.PA

POWER INPUT VS BORE DIAMETER FOR AC HELI CAL
. INDUCTION PUMP PLPA - 10" STACK LENGTH/9. 8" op .

9.2 . s s
. G =.940
Three-Pump "
8.8 PLPA ‘ G=.740"
\ .
LY : . . L .
i : - G =, 840"
8.41
1
.
8' Oéﬂ—-——
! __—
! : =, 940"
7. 6!
; -
! Two-Pump
7.2} PLPA
: %
¥ G = ,840"
: ca
} G=.740"
\
6. 81 ‘
e -
G = Magnetic Gap
i | [ I
1 5.2 5 5.4 5.5

Bore Diamete r, in.



OD, INCHES

2

CURRENT DENSITY/100, AMPS/IN

VARIATION OF PUMP PARAMETERS WITH GOPPER

32 -~

DEPTH FOR HELICAL TWO-PUMP PLPA. -

COPPER STRAP = 0,500 IN,
BORE DIA, - =5.3IN. | 7
28 = MAG. GAP o
- 6
g
<
o
5 1
20 - i
CURRENT Ny
DENSITY v
et
s
1 6 @)
3,
&,
2
12 =2
SN #
ov 53
L o
B el
L1
4—-1
. 060 .1bo ko .i80 220 . 260 -3b0
COPPER DEPTH, INCHES
] . . ‘
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POWER INPUT, KW/PLPA

VARIATION OF INPUT POWER WITH SLIP FOR TWO
" TWO PUMP HELICALPLPA = -

8 o
7 _ _
6 1 -
.DESIGN T4
5 o
COPPER STRAP - 0, il0x,500 IN,
L BORE DIA = 5,3 IN,
MAG, GAP = 0,800 IN,
4 STACK QD = 11 2 IN
- - -
1 . | ] ‘
.5 : .6 : .7

SLIP



'DES1GN AND PERFORMANCE SUMMARY

- FOR TWO-PUMP HELICAL PLPA - DESIGN 74

| | (Y CONNECTED)
STACK LENGTH, INCHES

STATOR BORE DIA, INCHES
STATOR OD, INCHES
MAGNETIC GAP, INCHES
NO, POLES .
NO. SLOTS
INPUT POWER, KW/PLPA
CURRENT AMPS/PHASE/ WINDING
L-L VOLTAG#:, VOLTS
POWER FAGTOR
FREQ'UENCY, HZ,
PLPA EFFICIENCY, PERCENT

SLIP ,
42

10
5.
11,

0.

18

6.

116

3

8

6

43. 4

46

.37

.1

. 65



STARTUP CONDITIONS (10% FLOW) FOR TWO-PUMP

HELICAL PLPA - DESIGN 74
(Y-CONNECTED)

FREQUENCY, HZ
INPUT POWER, KW/WINDING

POWER FACTOR,PERCENT
.~ CURRENT, AMPS/PHASE/PUMP

L-1, VOLTAGE, VOLTS

-43-

46

. 071

36.2

42. 6

5,2



HEAD RISE VS FLOW |

RATE FOR TWO - PUMP HELICAL PLPA
DESIGN 74 - 1130°F NaK RATED at 43,4V and 46Hz

20
J
% v .
0
16 - >
o, 5 1
g 12 o
X 5%
) "
ﬁ SYSTEM FLOW CURVE
4x .
- 8-
. 009 v
4
0 L) T i ¥ e
g 12 16 20 24 28

NaK FLOW RATE, 'LBS/SEC



R

HEAD RISE, PSIi INPUT POWER, KW; AND EFF, PERCENT

PERFORMANCE V'S FLOW RATE FOR HELICAL TWO
'PUMP PLPA (L130°F NaK - 46 HZ)

.."
e

BN TS T W T Y

b

. 10

L W R O W, O

K W

- a ] ] |
A 8 12 16 20

FLOW RATE, LBS/SEC



HYDRAULIC LOSS CALCULATIONS

. STRAIGHT SECTIONS

HEAD LOSS, by = FLYV WHERE: | R
D2 g F = FRICTION FACTOR
L = LENGTH, FT
D.= HYDRAULIC DIAMETER, FT
g = GRAVITY CONSTANT, FT/SEC
V = FLUID VELOCITY, FT/SEC
EXPANDING TRANSITION SEGTIONS
’ h, = F_ (V, - Vz)2 WHERE: -
f E 21 - V, = INLET VELOCITY, FT/SEC
. ' V, = EXIT VELOCITY, FT/SEC
Fp = EXPANSION COEFFICIENT
CONTRACTING TRANSITION SECTIONS
| hy = Fg v2 WHERE:
Zg V = EXIT VELOCITY, FT/SEC
- F. = CONTRACTION COEFFICIENT
180° BEND SECTIONS & HELIX
| hy = L. Fv? WHERE: _
pl 2g Ll = R + (N-1) lRL + }
- b
D )

RESISTANCES R, R, and R, FROM CRANE CO,

TECHNICAL PAPER No, 410

~46-



HYDRAULIC PRESSURE LOSS - HELICAL PUMP PLPA

_ ( APIN PSI) , o
/ * /— . . / [ ’ /—-om/‘ -01

‘ ._ 7] N NaK INLET

|  \__ 20 FT/SEC

o - NaK OUTLET
7 - 7.2 FT/SEC

TOTAL AP= 3,98 PSI

-47-
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HELICAL PUMP SLOT - DESIGN 74
(10 INCH STACK)

COOLANT TUBE

D

0. 156 IN,OUTER

I
' WRAP
¢ A
| 0.605 IN. 0.060 IN.ALO, _“
0.525 IN. . | N
‘ ; \ AT - .
: e—t— HYPERCO 27
- LAMINA TIONS
(92% METAL/8% Al 503)

0. 045 1N’.A1 o,

0. 100 IN A1203

0, 110x 0,500 IN.COPPER
BAR

2,301 IN,

T i 0.189 IN.AL,O,
~———0.025 IN.316 SS INNER GAS
CAN |

0. 030 IN.316SS DUCT

0. 020 IN.GAP

0. 030 IN.THERMAL
INSULATION



- THERMAL ANALY SIS

TOTAL HEAT FLOW ACROSS INTERFACE:

WHERE:

ALSO: Q,

THEREFORE:

kA | | = 3
+ s+ as + 4U-Avoid FI-Z T (Tl - Tz)
2 1 2
2
A_ = CONTACT AREA
., = A = ARFEA TAKEN UP BY GAP
void gas
G, = AVG, GAP HEIGHT OF MATERIAL 1
G, = AVG. GAP HEIGHT OF MATERIAL 2
k, = THERMAL CONDUCTIVITY OF MATERIAL 1
k, = THERMAL CONDUCTIVITY OF MATERIAL 2
koag = THERMAL CONDUGTIVITY OF CAS IN GAP
o = STEFAN-BULTZMANN CONSTANT |
= 1 1 WHERE: ¢. = EMISSIVITY OF MAT, 1
1-2 T+ T -1 1 |
€§ & €, = EMISSIVITY OF MAT, 2
T = MEAN TEMPERATURE OF TWO MATERIALS
Ag (Ty - Ty)
_ =3
- : 40F T
=Ag E——lr——c—— * AGasg Koas + A oid B R -
R S B 1 2| B ‘
R T

-49-
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[

CONTACT THERMAIL CONDUCTANCE, h_, ﬂTU/HR-FTz-F

500

400

300

200

100 |

THERMAL CONDUCTANCE ACROSS INTERFACES

A a .
BIAT = . 0001

h. =A A [k A, =3,
c 8. 1 as {40F T7)
RPN SV 1+
wrfered s fpn 4T
| k) ky o .-
A=A +.A k, = 8.5 BTU/HR-FT-F -
T g 1 :
. Al O
- G=G + GZ 2 3
\\ l k, = 210 BTU/HR-FT-F
\\ A . Cu
\
A o
A\ ARGON GAS
\\ - o e He-He GAS

\Ww
\\</—‘ s/A.p = . 0001
N

\/__ As/A‘.I1 =0

\

VACUUM
3! T -
A - : X F ¥ X : T ‘4 g
001 . 002 . 003 . 004 . 005

INTERFACE GAP, G, INCHES



THERMAL ANALY SIS PROPERTY DATA

® . THERMAL CONDUCTIVITIES (BTU/HR -FT_F)

S. GLASS - : 0, 60
. MICA ' : ' _ ' 0. 0683
5 MILS S, S, FOIL o
—= 20 MILS MICA , 0.0112
| TS 5 MILS S, S8, FOIL
COPPER _ , 210 at 700°F
LAMINATED HYPERCOQ-27 29, 0 at 600°F
ALUMINA 8. 0at 700°F
STAINLESS STEEL ' 13. 0 at 1000°F
ARGON _ .0183 at 700°F
HELIUM-XENON MIXTURE , . . 0635 at 750°F
(MW=40)

@ EMISSIVITIES

S. GLASS : ' - 0. 80
COPPER : 0. 40
AL UMINA . 0,40
STEEL o 0. 50

-51-



THERMAL ANALYZER PROGRAM (TAP)

FINITE-DIFFERENCE APPR OXIMATION EQUA TION:
, = T
To6 4+ A8 0,9 + 27— Q+Z(Y T)-(ZY) T
. 0

WHERE: = CAPACITANCE OF NODE, BTU/°F -

= HEAT GENERATIONRATE OF NODE, BTU/SEC
TEMPERATURE OF NODE, °F

= ADMITTANCE OF A HEAT FLOW PATH, BTU/SEC °F
= TIME, SEC

o < 3 D0
it

SUBSCRIPTS
o = DESIGNATES A NODE BEING ITERATED

6 = DESIGNATES A VALUE AT TIME 8
8+Af = DESIGNATES A VALUE AT END OF TIME STEP, A8

FINITE DIFFERENCE EQUATION FOR ITERATION OF ZERO-CAPACITANCE
NODE IS:

To,g+,959 =Q +Z(Yi Ti)

>

-h2-
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STATOR SLOT NODE DIAGRAM
(HELICAL PUMP, DESIGN #74)

—

HYPERCO
27

COPPER
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Kk .
argon

THERMAL MAP - HELICAL PUMP SLOT WITH ARGON &
. MICA THERMAL INSULATION
- (TEMPERATURES IN °F - DESIGN #74) -

COOLANT
;450

2 op -

h,= 1000 BTU/HR-FT

\\‘-‘\\.‘\\‘
= 0.0183 BTU/HR-FT- “ 531 T
°F , ;
551 ‘ 522
PRI
570 540
‘\
— AW Y '
|
489 || - 559
. 577
h =115 ' 0.030-IN MICA
1130 ky, = 0.0683 BTU/HR-FT-°F
NaK . 217 :

871
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THERMAL MAP - HELICAL PUMP END TURN WITH
ARGON & MICA THERMAL INSULATION

(TEMP. IN °F - DESIGN #74)

h

" C

k
argon

| pre—

f;—'

= 0.0183 BTU/HR-FT-°F

=115 BTU/HR-FT?-°F

557
584 .

—~ 614

569

/s

-

T
T &
/. I
T i
. Y A——
o 1 A !
— A 5 AN \_______]
\ Ve 1
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| 'HEAT FLOW MAP - HELICAL PUMP SLOT WITH ARGON GAS

& MICA THERMAL INSULATION
(HEAT FLOW IN WATTS - DESIGN #74)

COOLANT

ZQ

End Turns

= 53,4
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EFFECT OF HIGH THERMAL CONDUCTIViTY_ GAS
* ON HELICAL PUMP SLOT TEMPERATURES

~(TEMPERATURES IN °F - DESIGN #74)

h = 325
c ‘

BTU/HR-FT- ‘\

F

Ky .x = 0- 0635

h =325
C -
789

648

h_=1000 BTU/HR-FT%-°F

—JI 512
. . 530
631 - 551
awwiewuys | N :
=535 1 — 572
&0
BN
R 591 :
- 0, 030-IN MICA -
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EFFECT OF VACUUM ON HELICAL PUMP SLOT TEMPERATURES

 (TEMPERATURES IN °F - DESIGN #74)

I

COOLANT
- +450

\\\‘«:\432\\\

h_=1000 BTU/HR-FT®-

468
{475

YA

°F

. —— 532
-0, 030-IN MICA B
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1

EFFECT OF MULTI-LAYER THERMAL INSULATION
" ON HELICAL PUMP SLOT TEMPERATURES
(TEMPERATURES IN °F - DESIGN #74 WITH ARGON GAS) -
i

COOLANT
+ 450

AR VAN
‘ . 465
hc = 1000 BTU/HR -

2

;472
S FT® - °F .

]
h = 115 é::-’f""—r T =
493
502
510
h =115
. C
516

0.020-IN MICA} ky - = 0,0112
0.005-INSS . | BTU/HR-
‘ FT-°F

{o. 005-IN S8 ]



HELICAL PUMP THERMAL ANALY SIS SUMMARY - DESIGN #74

Thermal *

Contact Coefficient
(BTU/HR -FT%-F)

Peak Temperatures (°F)

* Mica Thermal Conductwﬂ:y 0.0683 BTU/HR-FT-°F
S, S. /Mu':a Sandwich Therma.l Conductivity 0, 0112 BTU/I—TR FT-°F

-60-

Case | Insulation ‘Stator Can - Gas Windings otator Can
No. Type Slot | Teeth Interface In Can [S5lot | End Turns | Below Slot| Below leeth
1 . 030" Mica | 115 115 Argon |600 625 871 717
2 . 030" Mica 325 325 He-Xe | 600 616 789 648
3 . 030" Mica 20 20 Vacuum| 675 721 1013 932
4 . 030" Mica ‘ ‘ o
: 5. 8. Foil 115 115 Argon |536 580 623 561-




TEMPERATURE & PRESSURE CONTINUOUS OPERATION
| (HELICAL PUMP)

| 1150°F

(50 PS5I)

| 3\§
“/
: 600 to 750°F

(750 USED IN
STRESS ANAL, )

i, " W, T E . T— . Y

-61-



L v

TEMPERATURE & PRESSURE - NaK FILL & DRAIN
(HELICAL PUMP)

" (15 PSI)

7777772

-62-
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TEMPERATURE & PRESSURE - SHORT TERM OPERATION (100 HRS)
| | (HELICAL PUMP) |

450°F

500°F
L1

b

(15 PSI)

\\\\\\\

ezsesse

. =63~
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HELICAL PUMP DUCT & THROAT DESI‘GN MARGINS

L

o= 2,222 PSI

 (DES, MARG. = +4.3)

o= 11,000 PSI
(DES, MARG. = +.06)

(DES. MARG. + 1,03)

TEMP = 1‘_150°F

o =4, 340 PSI
(DES. MARG, = +1. 15)

=2, 538 PSI
(DES, MARG, = + 3.6)

T = 1150°F.

DUE TO AT:
o=9.3 KSI (BENDING)
(D.M.=+0.25at 1150°F)
o=19. 6 KSI (BENDING)
(D.M. =+ 1.74 at 500°F)

TEMP = 500°F



2.5 OD x , 065 WALL
(TP 316 SST)

HELICAL PUMP DUCT LOOP DESIGN STRESS

— e . —

u
.E‘

. M=5,994 IN LB

|
|

F = 609 LBS

M = 5,994 IN LB

o= 20,400 PSI .

BASED UPON COMPUTER PROGRAM MEC - 21/7094

LOOP AT 1150°F

PLPA SUPPORT AT 500°F

-65-



‘ Z( LOOP & PUMP

HEL1CAL PUMP DUCT SUPPORT - SLIDING

o Z 6.6 KSI DUE TO THERMAL

YA AR A A A

- RESTRICTION & PRESSURE -

i 1130°F (

hM

A ° . ' . . i
. 500°F | F MAX DEFLECTION EXPECTED DUE TO

8<,001 AT OF LOOP

-66-



GAS CONTA!NMENT CAN DESIGN MARGINS

(HELICAL PUMP)

o= 26 KSI : ,
EXTERNAL BUCKLING .’

/_‘ ’ WITH p =.15 PSI
Qf PUMP RE - /

A

A - ra e VO S W

:/ 750°F /__ HYPERCO 27

N\ . 030 IN r \_3_16 S8 f T # , ?I' f
N\ . 025  p=15PSI I‘ | |
e | N!' |”" ——316 88
316' SS ""'"'-' /,‘ /—500°F : + % + ‘/ f i
J/ R T RN Y \\\ NN i

o = 55 KSI

-67-
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316 CRES

o= 21.5 KSI

-68-

% SHEAR

(BOLT)

S TENSILE

= 39,4 KSI

= 4KSI

(BOLT) .



PLAN VIEW OF HELICAL PUMP

’W
e e

. ,,“_...‘.... .g’;,‘ s rm-mu(

@\ L= 9/’:3»: .‘v 7
llm. l f“.ﬂﬁ-‘

-69-
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" END VIEW OF HELICAL PUMP PLPA

£ohCT FEED THRV ALY i)
I-M canmmuchy OBTEH
§

- " —

ARUAL ROW D TBE
Anoon n.cum‘
™ Mg AN

wilDed"
Fug ™

. ‘ln.ﬁu’ﬂ .

Z o A P\ A \/
? - . 1

. A 2T
(i a7

AB0b )



LINEAR INDUCTION PUMP

ELECTROMAGNETIC/HYDRAULIC DESIGN

THERMAL ANALYSIS

STRESS ANALYSIS

LAYOQUT DESIGN

-71-



LINEAR PUMP
STATOR LAMINATIONS
STATOR SLOT COOLING COILS

o0 o0 @]

. FLAT NaK DUCT_-

LR

FAEEAET

0 OG5 O O o0 OO U O

STATOR GAS CAN !

T Y
T
TTTY R T ITTI™
I

WINDING END __—]
" TURNS -

-72-



COMPUTER CODE LOGIC FOR LINEAR PUMP

INPUT DATA [~% ; ' {SIZE, REQUIREMENTS,
— - - \ PHYSICAL, MAGNETIC
< & ELECT, CIRCUIT

' CONFIG.
CALC, PERFORMANCE :

| EQU, CIRC. PARAMETERS

CALC, HYDRAULIC PERFORM.
OUTPUT & LOSSES AT RATED FLOW

CHECK IF OUTPUT MODIFY
HEAD OBTAINED lLvoLTAGE

CALCULATE EQULV, CIRC.,
| PRESSURES AT VARIOUS

VALUES OF FLOW

PRINT OUT

PERFORMANCE | i

' FLUID VELOCITY
FLUID FLOW
FLUID PRESSURE
SLIP

POWER INPUT
POWER FACTOR
EFFICIENCY
CURRENT

-73-
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AC LINEAR INDUCTION PUMP DESIGN ASSUMPTIONS

S

OFHC Copper
‘Ingulated

Flow Channel

Thermal Barrier
- _SECTIONAL VIEW

-

NS

\\\\L\[\\]\\
(AR EAALRRERY

~ Ground Wall &
Insulation

Durn’ Tnsulatiba’ ]

g

CALCULATIGL, VARIABLES

CORE LENGTH
MAGNETIC GAP
TLUID THICKNIESS
NUMDER 5IOTS

" SLOT WIDTH

SLOT DFPTH

TYPE OF SLOT .
CONDUCTOR AREA -
TURNS/COIL

COIL THROW
VOLTAGE
FREQUENCY

FIUID VELOCITY
FIUX DEXSITY

'ORIGINAL CALCULATIONAL CONSTANTS

Ss 316 pucT (.030 in)
1130°F DUCT TEYP
1130°F NeX TEMP

THERMAL INSUL (.030 ia)

ELECTRICAL TNSULATICN
GROUND WALL AND.
TURN TO TURN {, 045 in}

OTHER ASSUMPTIONS

.. lo END EFFECT LOSS 2-Pole 664

L-Pole Lo%
6 Pole 28%

2. WO LAYER LAP WINDING
3. NEGLIGIBLE END RING RESIST.



- SL-
Width (inch}

"~ INITIAL DESIGN MATRIX FOR AC LINEAR 2 PUMP PLPA

Length (inches)

22 | 33 . 44

Gap = 0.42 in. | Gap = 0.47 Gap = 0.47

Gap = 0.42

s | 0.50 | | Pele=¢
0,54 . Slip = 0.4

0.58 - : : : v

?

Pole =4
Slip = 0.47

v

Slip




POWER INPUT V'S GAP HEIGHT FOR AC LINEAR 2 PUMP PLPA
5 INCHWIDTH |

Poles = 4

9 T . Length = 22 inches
Slip = 0.4

8 L
<
oy
, 5
3 A
o =
2 7T
g
3
]

—_—t L | ) i
0.42 0.46 0.50 0.54 0.58
Magnetic Gap, inch




-LL-

Kw Input/PI PA

10 |-

POWER INPUT V'S GAP LENGTH FOR AC LINEAR 2 PUMP PLPA
6.INCH WIDTH

Poles =4
Length =22 inches
. Slip = 0.4

0.42 0.46 0.50 0.54 0.58

Magnetic Gap, inches
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Kw Input/PLPA

 POWER INPUT 'S GAP HEIGHT FOR AC LINEAR 2 PUMP PLPA

7 INCH WIDTH

Poles = 4

Length = 22 inches
Slip = 0.4

1 1

i ‘ 1
0.42 0.46 ~0.50 0.54 0.58

Magnetic Gap, inches
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INITIAL DESIGN MATRIX FOR AC LINEAR 2 PUMP PLPA

(Continued)

' Length {inches)

22 24 31 40 44
Gap = 0.47 Pole = 2
Slip = 0.4
Gap:= 0.47 Gap = 0.47] Pole = 6
5 o Slip = 0.4
=
[ ¥
= .
= Gap = 0.47 Pole = 8
S | Slip = 0,
B lip 4
=
Gap = 0,52 Pole = 6
. ip = 0,
6 20,42 Slip = 0.4
Gap = 0.52 Pole = 8
= 0.42 Slip = 0.4
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Input PWR (kw) [PLPA

INPUT POWER VS LENGTH FOR AC LINEAR 2 PUMP PLPA

e
9 r '
W. = 5 inches
G = 0.47 'inch
S =0.4 ' _
F = 82 Hz W = 6 inches
8 P = 4 ‘ G = 0,52 inch
I~ I, = 22 inches S =0.4 W = 5 inches
0 F = 60 Hz G = 0.47 inch
P=6 - 5 =0.4
L = 31 inches F = 82 Hz
. ® P=28
7F ® "L = 40 inches
w
S_ (())45 W = 6 inches W = 6 inches
F; 6‘0 He G = 0,42 inch G = 0.42 inch
6  P=og4 S =0.4 S=0,4
_szz- 5 F = 80 Hz F = 80 Hz
= inches P=6 P-s
L, = 31 inches L = 40 inches
| | 1 L ]
22 33 44

Length (inches)
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'DESIGN MATRIX FOR 2-PUMP LINEAR PLPA

~ MODIFIED FOR SLOT GEOMETRY

Length = 24.7® inches

Poles =14
s SLIP
WIDTH n s I
G= .42 in G= .37 in = .37 in
= .7 = .2 " = .2 "
= .52 " = 47" = k7
= '571" - .52 " = .32 "
5 in. = .57 " = ,57"
= .61 " . = ,61 "
G = .42 1n G = .42 in = .42 in
= -)"‘T " - -1"7 " - .11-9 L
= .49 " = .5," = .57 "
- .52 1] - -57 J
6 ino = 057 i ’ - '
2ok
G = .37 in G = .37 in = .37 In
= 42 " = o w . h2 "
‘= -L]-T " 5 .1'.7 M . 'ILT "
, = .52 11 = .57 " = -57 n
7 in. = '57 "t = '57 1] = 'ST "
. = -62 " = -62 "
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INPUT POWER, KW/PLPA

INPUT POWER V'S GAP HEIGHT AS FUNCTION OF SLIP FOR TWO

PUMP LINEAR PLPA - 6 INCH WIDTH
. LENGTH = 24, 77 IN,
NO. POLES = 4 |

1] =
10 | . H |
9 .
8 -

-
7 o
6 ~

,.27 42 47 .52 &7

MAGNETIC GAP, INCHES



DESIGN AND PERFORMANCE SUMMARY OF TWO-PUMP
LINEAR PLPA - DESIGN 66

STACK LENGTH, INCHES 247
' STACK WIDTH, INCHES 6.0
STACK HEIGHT, INCHES 4.5
MAGNETIC GAP, INCHES .52
CHANNEL HEIGHT, INCHES ' | .40
CHANNEL WIDTH, INCHES | 6.0
NO, POLES
NO. STATOR SLOTS - \ 29
POWER INPUT, KW/PLPA 8.6
CURRENT AMPS/PHASE/WINDING . 80.5
L-L VOLTAGE, VOLTS 66
POWER FACTOR .47
FREQUENCY, HZ 65
PLPA EFFICIENCY, PERCENT ©7.0
SLIP

-83-



STARTUP CONDITIONS (10% FLOW) FOR TWO-PUMP
LINEAR PLPA - DESIGN 66

CURRENT, AMPS/PHASE/WINDING 7.2

L-L VOLTAGE, VOLTS 5.4
POWER INPUT, WATTS 76
POWER FACTOR S .57

FREQUENCY, HZ | | 65

-84 -
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HEAD-RISE VS NaK FLOW RATE FOR TWO-PUMP LINEAR PLPA

" DESIGN NO. 66

NaK FLOW RATE, LBS/SEC
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HEAD RISE, PSI; EFFICIENCY, PERCENT; INPUT POWER, KW

(==Y
.O .

L)

1.

-
i

llil

PERFORMANCE VS FLOW RATE FOR TWO-PUMP
LINEAR PLPA - DESIGN 66

.0

12. 0 16. 0 20. 0
NaK FLOW RATE, LBS/SEC
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~ HYDRAULIC PRESSURE LOSS - LINEAR PUMP PLPA
(aPIN PSI)

/0. 01

_ <4—NaK INLET

31 ft/sec

13 ft/sec .

NaK OUTLET
7.2 ft/sec

.01}

TOTAL AP= 8,9 PST
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LINEAR PUMP SLOT - DESIGN 66
6-INCH WIDTH

A

¢ | w NaK COOLANT TUBE
Gazs N/ 7 7 7 % OUTER GAS CAN

HYPERCO-27
| {LAMINATIONS
1.40 IN, 4 e {92% METAL/8% A1,0,)

0.156 IN, [ %53 IN. |

b m—

J

b == 1
b 1 |
= = 0.045 IN.A1,0,

3.00 IN s 0. 140 IN,Cu
| 0. 045 IN.‘AIZO3

0. 125 IN.A1203

0. 020 IN: .
0. 024 ]\ ~ ,THERMAL INSULATION

f oo

T—A—" '

0. 035 IN,———o 0. 030 IN,

-

.1 ‘ __'\\\\\‘.

N
3
I

| \

—— NaK CONTAINMENT WALL -
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THERMAL MAP - LINEAR PUMP SLOT WITH ARGON GAS
& MICA THERMAL INSULATION
(TEMPERATURES IN °F - DESIGN #6)

.~ 450

N A .
L1125y / ra82 /) .

) ~— h = 1000 -BTU/HR-FTZ-“F

1.4 IN, h =115
i
o
1[ ‘ _'
f ' :
i
| _
i1
3.0 IN 633
sl 663
a7
i |
‘ |
Agoe
h =115
C
742
e
e 788
e 1129
- - 1130
Figure 13
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END TURN TEMPERATURES - LINEAR PUMP DESIGN #66

(TEMPERATURES IN °F, ARGON GAS, & MICA THERMAL INSULATION)

590

643

740

741
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HEAT FLOW MAP LINEAR PUMP SLOT WITH ARGON GAS
& MICA THERMAL INSULATION
(HEAT FLOW IN WATTS - DESIGN #66)

= 3,1

M End Turns
L 7 1998/ )
) , h_= 1000 BTU/HR -FTO-°F

‘h, = 115

— ‘+212R Stator Core = 4, 3

n
|
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IR = 13.4 | _____j; Qp 4 Turng = 23+ 8
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LINEAR PUMP THROAT DEFLECTION & STRESS

1.4]
NaK } 50
. 1 t = 0,030 IN
1.2}
42}
i
T
O -
z
-
5" l.OL_
[42]
2
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R
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4 L1 b 1l ll:ll!llill b1
1x10° 2 4 6 8 1x104 2 4 6 8 1x105 STRESS, PSI
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LINEAR PUMP STATOR STACK DEFLECTION
(LOADS FOR FULL RESTRAINT)

A
i\

Ny
b .
L
~\
\
. X
990 LB

)
o7 AN
A

i/

990 LB

866 LB —_.
124 LB —___
124 LB —

866 LB
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' STRESS, KSI

10

OUTER GAS SHELL STRESS FOR LINEAR PUMP
(15 PSI INTERNAL PRESSURE)

DESIGN

PANEL WIDTH, INCHES
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MODIELD £
\ CERAMASEA: # 908 828571
n-um O NITAL, 18 AEaD,
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PLPA COMPARI SON

2 PUMP AC LINEAR PLPA
NO. 66, 6" STACK WIDTH

2 PUMP AC HELICAL PLPA
NO, 74, 10" STACK LENGTH

CHARACTER ISTICS 11, 2'" STACK DIAMETER 24. 5" STACK HEIGHT
EFFICIENCY/PLPA, PERCENT 9.1 7.0
33, 0x15. 0 40, 5%20. 5x13. 5

'PUMP ENVELOPE, INCHES

PLPA ENVELOPE, INCHES

40, 4x27, 8x15. 0

C-97-

56, 3x41, 5x13. 5

PLPA WEIGHT, LBS 880 1390

SOME FLOW 5-YR., RELIABILITY . 998 . 997

FULL FLOW 5-YR, RELIABILITY . 989 . 989

‘MAX, WINDING TEMPERATURE, °F 625 742

DESIGN PREDICTABILITY GOOD FAIR

FABRICATION DIFFICULTY _
WINDINGS MORE DIFFICULT SIMPLE
LAMINATIONS CONVENTIONAL ‘MORE DIFFICULT
DUCT MODERATE DIFFICULT



